This paper presents a data acquisition solution using a RISC type microcontroller with very few components around, taking advantage of the ratiometric functioning of the load cells. The need of thermally stable circuits is minimized through the use of the same amplification chain for both signal and reference. The amplification and filtering are done trough switched-capacitor techniques controlled by the microcontroller. This option allows the choice of the proper scale according to the platform and permits the autocalibration of the system. The weighing tests show errors below 100 g in 400 kg for an industrial platform of eight smart load cells. The paper also describes an example of software calibration of a multiload cell weigh-bridge using one processor per smart load cell. q 2000 Elsevier Science S.A. All rights reserved.
Introduction
Load cells are force sensors which are used in industrial weighing equipment. Multiload-cell weighing systems usually use a single signal processing circuit associated with Ž the individual load cell outputs tied together electrical . paralleling . Because of this electrical paralleling, the tuning of the gain of each load cell affects the behavior of the others, calibration is difficult and tedious, specially with weigh-bridges for cars and trucks, requiring the motion of Ž . heavy reference weights around large platforms Fig. 1 w x 1 .
The use of load cells with digital output, i.e., with integrated signal processing allows the gain adjustment to be a simple multiplication of the load cell output by a coefficient, an operation which does not affect the other Ž . load cell outputs Fig. 2 . In this case, the calibration process means the calculation of the multiplying coefficients, which are given by the solution of a set of equations, an operation easily performed by any generalpurpose microcomputer. However, this solution needs a cost-effective signal processing circuit including amplifica-tion, analog to digital conversion and networking capabiliw x ties 2 .
For industrial weighing applications 6000 divisions are Ž . needed for the equipment external divisions , a conversion Ž resolution of at least 60 000 divisions 10 internal divisions . for each external . For static weighing applications, 50 or more readings per second are needed. For dynamic weighing a faster reading rate may be required but normally with lower resolution.
Design strategy
In this system based on switched-capacitor circuits Ž . SCs , three discrete differential signals are obtained from Ž . a transducer bridge: the zero signal V , the signal from As the same amplifier chain is switched between the zero, the load cell signal and the conversion reference, the thermal stability requirements for the amplifier can be Ž . relaxed as a change in its gain or input offset voltage V os will affect all the three entities during the A-D conversion. A simple architecture is just enough to ensure that the amplifier gain and V remain constant during the converos sion period.
The A5 output is filtered and inverted by a low pass SC filter and buffered by A6. The SC filter is necessary for Ž . several reasons: 1 it is necessary to eliminate the highfrequency noise produced in the amplifier stage by the Ž . commutation of the SCs; 2 the filter cut-off frequency must be programmable, once the the A-D input signal must be very stable at the conversion instants. This means that the cut-off frequency must be low. On the other hand, when the amplifier input is commuted from V to V filter output signal must adapt itself to the new signal very quickly and consequently it needs a high cut-off frequency.
The A-D conversion is based on the single-ramp technique where the circuit around A7 amplifier forms a ramp generator. At the A8 input summing point, the current due to the ramp is subtracted from the current proportional to the signal. When this current difference is large, A8 operates at a low gain due to the diodes in the feedback loop. When the current produced by the ramp potential and A6 output's current are very nearly balanced, the potential at A8 summing junction will go low enough, so that A8's signal comes out of the diode bounding and operates with Ž . a gain determined by the feedback resistor 390 k V . Amplifier A8 makes the comparator's job much easier; it amplifies the voltage difference of the two signals to be compared by a factor of 100, reducing the comparator input uncertainties. The comparator components in the positive feedback path ensure a sharp transition.
Normally, to do the conversions of the zero, the load-cell signal and the reference, three ramps are necessary, one for each value. In this case, to minimize the hardware and reduce the errors, the same comparator is used to detect the w x three level crossings 3 , reducing the average conversion time to one third. One problem is to allow enough time to switch the amplifier chain from one signal to the other, until there is a stable output. This was accomplished in the 
where W is the full-scale weight of the load cell, which max is equal to 100 kg in the pesent work.
Digital filtering
Besides the analog filtering implemented with SC, a digital filter is applied taking advantage of the microcontroller. As it is well known, after a mass be placed on the weighing platform and its output be stabilized, it is natural that exists a little variation on the A-D output due to its high resolution. This is not very practical when the final result is shown on a display, where a constant value must appear. Therefore, the digital filter must have a fast response when the mass on the platform is changed and a very smooth response when the mass is constant. An adaptative filter is once again required to achieve both, a rapid response and a smooth output. Expression 1 shows the scheme of a possible self-adaptative digital filter: u n y y ny 1
Ž .
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Ž . where y n is the value to sample; u n , value from the Ž . nth conversion; y n-1 last value sampled; N filtering constant.
Ž . Ž . For N s 1, y n s u n . With increasing N the influence of the last reading in the value to sample is less. The filter response is fast for low values of N but the output Ž . takes much time to settle small oscillations . For high values of N the filter response is slow until the settling of the output occurs.
Ž . An error integral, D k is defined as:
which represents the sum of the differences between the last value sampled and the reading. The error integral regulates the number of readings to take into consideration and the filtering constant to choose. The error integral is compared with a constant parameter designated STACK, which represents the maximum variation of the output before a transition happens. When the conversions are randomly spread around the result shown, the integral error fluctuates around zero and the N Ž . parameter must be high 8, 16, 32 or more . When there is Ž . a change in the weight, D k grows steadily and after a few conversions exceeds the threshold level STACK. The error integral is restarted to zero and N is set to a low Ž . value 1, 2, 4, . . . .
Normally the value of N must be a power of 2 to make the filtering algorithm simpler and faster, as the division w x by N can be implemented by a simple binary shift 5 .
The use of smart load cells with digital outputs needs a cost effective digital filtering of the final results for each smart load cell. The presence of the microcontroller per smart load cell allows the use of this self-adaptative Ž . pseudo-moving average filter software solution to achieve a stable digital output with a fast response to weight changes. The technique is established by theoretical analysis and is justified by means of simulation and experimental results.
Software calibration
The calibration process means the calculation of the multiplying coefficients, which are given by the solution of a set of equations, operation easily performed by any general-purpose microcomputer.
For N load cells platform, N sets of N readings were made and the weights found were used to work out the Ž . multiplying coefficients K . These factors that affect i ( )each one of the readings enables the correct evaluation of the weight above the platform. A system of N equations and N unknowns was built:
where W is the output of the load cell j in loading The software calibration method is tested with two Ž . four-load cell platforms Fig. 6 and eight digital readout units with networking facilities. Load cells taking a maximum nominal weight of 100 kg, with 3000 divisions of resolution and a sensitivity around 2 mVrV are used. Each of the readout units are calibrated to give around 60 kg with a 20-g resolution. Two sets of tests were done: one . 200 kg . Some of the measured errors are shown in Fig. 7 .
Experimental results
For the composite platform with eight load cells the test is repeated and the eight multiplying coefficients are calculated. The weighing tests confirmed the approach used giving errors below 100 g, i.e., 4000 divisions in 400 kg.
Conclusions
This architecture was shown to give the required performance at very reasonable cost. The implementation of smart cells including self-calibration and networking facilities seems achievable and cost effective even for multiload-cell applications, where considerable reductions on the commissioning time, through the software system calibration is highly interesting.
The results achieved so far were very encouraging regarding static or quasi-static weighing applications. Now, we are already working on the new filtering algorithms having in mind dynamic weighing. In dynamic weighing systems conventional filtering methods employed have limitations for improving accuracy and throughput rate. The Kalman filter probably provides an effective alternative to the conventional method especially when the system is nonlinear and low frequency noise is incorporated in the bandwidth of the useful signal.
Moreover, silicon does not suffer from hysteresis or Ž . creep like conventional steel load cells and therefore it is w x an ideal material for fabricating load cells 6 . To merge each load cell with the respective signal processing circuit, w x full process compatible 7 , will create a new generation of load cells.
